Objectives: To compare the efficacy of aprotinin and methylprednisolone in reducing cardiopulmonary bypass (CPB)-induced cytokine release, to evaluate the effect of myocardial cytokine release on systemic cytokine levels, and to determine the influence of cytokine release on perioperative and postoperative hemodynamics.
T
HE SYSTEMIC inflammatory response during cardiopulmonary bypass (CPB) continues to be a significant cause of morbidity and an occasional cause of mortality. This systemic response may be caused by many processes, including blood-foreign surface interaction in the CPB circuit, 1,2 the development of ischemia and reperfusion injury, 3 and the presence of endotoxemia. 4 These processes can result in the release of many inflammatory mediators, including tumor necrosis factor (TNF)-␣, interleukin (IL)-1␤, IL-6, and IL-8. [5] [6] [7] It has been suggested that these inflammatory mediators may be responsible for postoperative organ dysfunction and morbidity. [8] [9] [10] [11] If pathway activation and cytokine release can be reduced during CPB, some of the adverse clinical consequences of CPB can be avoided. Many approaches have been suggested, including use of steroids, 12 ,13 use of aprotinin, 14 improvement of biocompatibility by heparin-coated CPB circuits, 15, 16 and ultrafiltration. 17, 18 Although much research has been reported on cytokine-reducing effects of steroids and aprotinin, the number of combined studies investigating the comparative effectiveness of these drugs is not sufficient. 19, 20 This prospective randomized study has 3 objectives: (1) to compare the efficacy of aprotinin and methylprednisolone in reducing CPB-induced cytokine release, through the use of a control group; (2) to evaluate the effect of myocardial cytokine release on systemic cytokine levels; and (3) to examine the role of aprotinin and methylprednisolone in perioperative and postoperative hemodynamics in adult patients undergoing elective coronary artery bypass graft surgery.
MATERIAL AND METHODS
After obtaining ethical committee approval and informed consent, 32 patients undergoing coronary artery bypass graft surgery were included in the study. Two patients were excluded because retrograde coronary sinus cannulation could not be performed. Patients undergoing a reoperation, had a myocardial infarction within 1 month, suffering from an uncontrolled systemic disease (diabetes mellitus, hypertension, or renal failure), or receiving long-term glucocorticoids were excluded. The use of aspirin, dipyridamole, and nonsteroidal anti-inflammatory drugs was discontinued 10 days before the surgery.
The patients were randomized as follows: control patients (n ϭ 10), aprotinin-treated patients (n ϭ 10), and methylprednisolone-treated patients (n ϭ 10). After the administration of an initial test dose for allergic response, aprotinin-treated pa-tients received a high-dose aprotinin (Trasylol) regimen (total dose 6 x 10 6 KIU). 21 This regimen included an initial intravenous loading dose of 280 mg (2 ϫ 10 6 KIU). An equivalent loading dose was added to the pump prime, and 70 mg/h (5 ϫ 10 5 KIU) of constant intravenous infusion was administered during the operation. Methylprednisolone-treated patients received 30 mg/kg of methylprednisolone intravenously 5 minutes before CPB.
After premedication with diazepam (0.2 mg/kg), anesthesia was induced with fentanyl, 10 g/kg; etomidate, 0.2 mg/kg; and thiopental, 2 mg/kg, followed by vecuronium, 0.1 mg/kg. Anesthesia was maintained with fentanyl, 20 g/kg. The patients were ventilated with a fraction of inspired oxygen of 0.5, and when necessary, isoflurane (0.2% to 0.5%) was added to the air-oxygen mixture. An intra-arterial catheter was placed in the right radial artery under local anesthesia. A pulmonary artery catheter (TD Thermodilution, Abbot Laboratories, Chicago, IL) was inserted into the right internal jugular vein after induction of anesthesia. Continuous monitoring of 2 electrocardiogram leads (II and modified V 5 ), radial and pulmonary artery pressures, oxygen saturation, end-tidal carbon dioxide level, and rectal and esophageal temperatures was performed. After CPB, dobutamine and dopamine were provided when necessary.
CPB was performed using a roller pump (Cobe Cardiovascular Inc, Arvada, CO), a hollow-fiber membrane oxygenator (Dideco D 708, Simplex, Mirandola, Italy), a polyvinylchloride tubing set, a 2-stage venous cannula, a venous reservoir (Univox IC, Baxter Healthcare Corp, Irvine, CA), and an arterial filter (Dideco D 734 Micro 40, Simplex, Mirandola, Italy). The circuit was primed with 2000 mL of Ringer's lactate solution, 250 mL of mannitol, 1 g of cefazolin, and 2500 IU of heparin. A nonpulsatile flow of 2.4 L/min/m 2 and mild hypothermia (with a rectal temperature of 33°C) were used. During CPB, hematocrit was maintained between 20% and 25%, and the mean arterial pressure was maintained between 50 and 70 mmHg (with sodium nitroprusside or phenylephrine administration as required). Anticoagulation was obtained by the administration of bovine lung heparin (300 IU/kg) just before the institution of CPB; additional doses were administered as required to maintain activated coagulation time Ͼ750 seconds for aprotinin-treated patients and Ͼ480 seconds for control patients and methylprednisolone-treated patients.
After aortic cross-clamping, myocardial preservation was achieved by antegrade and retrograde administration of cold hyperkalemic blood cardioplegia (with a blood-to-crystalloid ratio of 4:1). Before the removal of the aortic cross-clamp, an additional bolus of warm cardioplegia was infused. Distal anastomoses were performed, the aortic cross-clamp was removed, and proximal anastomoses to the aorta were completed during the rewarming period. Extracorporeal circulation was terminated at a rectal temperature of 36°C. At the termination of CPB, 1.3 mg of protamine for every 100 U of total heparin dose was administered and confirmed by the return of activated coagulation time to baseline values. Shed mediastinal blood was not reinfused in any patient. The indication for transfusion was defined as a hematocrit level Ͻ20% during CPB and Ͻ25% in the postoperative period. Platelet concentrates were administered only in the case of a platelet count Ͻ50,000/mm 3 .
All operations were performed by the same surgeon (R.T.) using a similar operative technique and the same perfusion protocol.
Hemodynamic measurements (mean arterial pressure [MAP] , mean pulmonary arterial pressure [MPAP] , pulmonary capillary wedge pressure [PCWP] , and thermodilution cardiac index [CI]) were obtained as follows: TH1, before CPB; TH2, after termination of CPB and administration of protamine; and TH3, 24 hours after CPB (in the intensive care unit). Pulmonary vascular resistance (PVR) and systemic vascular resistance (SVR) were calculated using standard formulae.
Arterial blood samples were obtained from the radial artery catheter for blood gas measurements (Blood Gas System, Stat Profile 5, Nova Biomedical Waltham, MA). Alveolar-arterial PO 2 difference (AaDO 2 ) was calculated using the alveolar gas equation, assuming a respiratory quotient (RQ) of 0.8:
where PAO 2 is alveolar PO 2 , F I O 2 is fraction of inspired oxygen, PBatm is barometric pressure, SVPH 2 O is saturated vapor pressure of water at 37°C, and PACO 2 is alveolar PCO 2 , which is assumed to be equal to PaCO 2 . All measurements were performed with the patient anesthetized in the supine position. The measurement of AaDO 2 was simultaneously performed with hemodynamic measurements.
Blood samples (20 mL) were drawn from the radial artery catheter or, during CPB, the arterial port of the oxygenator as follows: TB1, immediately before the induction of anesthesia; TB2, 5 minutes before CPB; TB3, 3 minutes after the start of CPB; TB4, 2 minutes after the release of aortic cross-clamp; TB5, 1 hour after CPB; TB6, 6 hours after CPB; and TB7, 24 hours after CPB. Coronary sinus blood samples were obtained from the retrograde cardioplegia cannula at TCSB1, immediately before CPB, and TCSB2, 2 minutes after the release of aortic cross-clamp.
Blood samples were centrifuged at 4°C with 3500 rpm for 20 minutes. Plasma was stored at Ϫ40°C until assayed. The levels of TNF-␣, IL-1␤, IL-6, and IL-8 were determined by enzymelinked immunosorbent assay with Immulite kits (Diagnostic Products, Los Angeles, CA) according to the manufacturer's instructions.
The effects of aprotinin or methylprednisolone within the groups were evaluated by the Friedman rank analysis of variance. When the test results indicated significant differences within a group, the measurements were compared against the baseline data using the Wilcoxon matched pair test. The differences among the study groups were evaluated by the Kruskal-Wallis test, followed by the U-test, to detect the groups being actually different from each other. A p value Ͻ 0.05 was considered to be statistically significant.
RESULTS
There were no statistically significant differences among the groups with regard to age, sex, body weight, ejection fraction, cross-clamp time, duration of CPB, lowest temperature, number of grafts, the amount of transfused packed red blood cells,
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TÜ RKÖ Z ET AL and the amount of mediastinal tube drainage. Total heparin dose and total protamine dose were higher in aprotinin-treated patients (Table 1) . No patients required platelet transfusions. All patients had uncomplicated perioperative and postoperative recoveries. The principal hemodynamic parameters are summarized in Table 2 . MAP was observed to decrease in all groups after CPB (p Ͻ 0.05), but there was no difference among the groups (Table 2) . PCWP and SVR decreased similarly in all groups after CPB at TH2 and TH3 (p Ͻ 0.05). PVR increased similarly in all groups after CPB at TH2 and TH3 (p Ͻ 0.05). In all groups, MPAP and CI were not different after CPB at TH2 and TH3 (Table 2) .
AaDO 2 significantly increased (p Ͻ 0.05) in all 3 groups after CPB at TH2. Although the increase was higher in control patients, there were no significant differences among the groups. A significant decrease in AaDO 2 was found at 24 hours after CPB in aprotinin-treated patients compared with the other groups (p Ͻ 0.05) ( Table 2) .
TNF-␣ level from the radial artery significantly increased in control patients at 1 hour after CPB (p Ͻ 0.01), and the increase was greater than in aprotinin-treated patients (p Ͻ 0.05) (Fig 1) . TNF-␣ did not significantly increase in methylprednisolonetreated patients throughout the study (Table 3 and Fig 1) . There was no statistically significant increase in coronary sinus blood levels of TNF-␣ after the release of the aortic cross-clamp in any of the groups (Table 3) .
No difference was observed for IL-1␤ level in radial artery and coronary sinus blood throughout the study in any of the (Table 3) . In all groups, plasma IL-6 levels were low before and at 3 minutes on CPB (Table 3 and Fig 2) . IL-6 levels were elevated after the release of the aortic cross-clamp in all groups. IL-6 levels continued to increase at 1 hour and 6 hours after CPB and peaked at 6 hours after CPB. IL-6 levels decreased at 24 hours after CPB but remained above baseline levels in all groups. The elevation of IL-6 levels in methylprednisolone-treated patients was significantly less compared with control patients at 1 hour after CPB (p Ͻ 0.001). The increase in IL-6 levels in aprotinin-treated patients was less compared with control patients (p Ͻ 0.05); however, the difference was less pronounced when compared with methylprednisolone-treated patients. At 1 hour and at 6 hours after CPB, the increases in IL-6 levels in methylprednisolone-treated patients were significantly less compared with the other groups (p Ͻ 0.001). In coronary sinus blood, IL-6 levels increased only in control patients after the release of the aortic cross-clamp (p Ͻ 0.05), but the level was not different from the radial artery samples obtained at the same time period (Table 3) .
IL-8 levels were similar before and at 3 minutes on CPB in all groups (Table 3 and Fig 3) . In control patients, IL-8 levels significantly increased at 2 minutes after the release of the aortic cross-clamp (p Ͻ 0.05), and the increase peaked at 1 hour after CPB (p Ͻ 0.001). IL-8 levels in control patients were significantly higher compared with aprotinin-treated patients and methylprednisolone-treated patients at 1 hour after CPB (p Ͻ 0.05). At 6 hours after CPB, IL-8 levels remained above baseline levels in all groups. The elevation was less pronounced in methylprednisolone-treated patients and aprotinin-treated Abbreviations: TB1, immediately before the induction of anesthesia; TB2, 5 minutes before cardiopulmonary bypass (CPB); TB3, at 3 minutes on CPB; TB4, 2 minutes after release of the aortic cross-clamp; TB5, 1 hour after CPB; TB6, 6 hours after CPB; TB7, 24 hours after CPB; TCSB1, coronary sinus blood samples immediately before CPB; TCSB2, 2 minutes after release of the aorta cross-clamp; A, aprotinin; MP, methylprednisolone; C, control; TNF, tumor necrosis factor; IL, interleukin. IL-8 level in methylprednisolone-treated patients was significantly different from that in control patients at 24 hours after CPB (p Ͻ 0.05). In coronary sinus blood, IL-8 levels increased in all groups, but the increase was significant only in control patients after the release of the aortic cross-clamp (p Ͻ 0.05) ( Table 3) . IL-8 levels in coronary sinus blood were not different from the radial artery samples obtained at the same time period.
DISCUSSION
This study focuses on systemic and myocardial cytokine release after CPB. The effects of aprotinin and methylprednisolone in reducing the levels of proinflammatory cytokines and the effects of cytokine release on hemodynamic parameters have been investigated. The major findings of the study can be summarized as follows: (1) An increase in TNF-␣ levels was observed after CPB, and this increase was inhibited only by methylprednisolone; (2) an increase in IL-6 levels was observed after the release of the aortic cross-clamp, which peaked 6 hours after CPB and was reduced only with the use of methylprednisolone; (3) IL-8 release peaked 1 hour after CPB, and aprotinin and methylprednisolone suppressed the increase in IL-8 levels, but the suppression was more prominent with methylprednisolone at 24 hours after CPB; and (4) the suppression of cytokine release with the use of aprotinin and methylprednisolone did not directly influence the hemodynamic parameters.
Cytokines, a group of low-molecular-weight polypeptides functioning as intercellular communication molecules, have a central role in inflammatory reactions, particularly acting on the heart, lung, liver, coagulation system, and central nervous system, subsequently causing damaging effects. [9] [10] [11] [22] [23] [24] [25] [26] Many clinical studies have shown significant increases in blood cytokine levels during and after CPB. [5] [6] [7] 27, 28 Alterations in cytokine levels after CPB gathered from various studies are summarized in Table 4 . The most widely studied proinflammatory cytokines are TNF-␣, IL-1␤, IL-6, and IL-8. TNF-␣ contributes to myocardial dysfunction and hemodynamic instability after CPB. 23, 28, 29 In some studies, TNF-␣ has been detected in plasma after CPB, [30] [31] [32] but not in others. 5, 33, 34 The short half-life of TNF-␣ and the differences between the methods of cytokine measurement may explain the discrepancies among the results presented in various studies. The absence of detectable circulating cytokines does not rule out a likely local production by the activated cells. 35 The activation pattern of TNF-␣ has been shown to be dependent on the body core temperature during CPB. 28 Patients operated with warm CPB have a significantly higher release of TNF-␣. 28 In the present study, TNF-␣ levels peaked only in the control patients at 1 hour after CPB. Methylprednisolone completely inhibited the increase in TNF-␣ levels, but with aprotinin the levels were slightly attenuated. The use of tepid temperature (33°C) during CPB might have triggered TNF-␣ release in the control patients.
IL-1␤ is mostly located intracellularly, and the appearance of IL-1␤ in the circulation is likely a reflection of tissue destruction. 36 Various studies have reported different levels of IL-1␤ increase during and after CPB. 28,37-41 IL-1␤ production has been found to correlate with the maximum postoperative temperature rise. 28 In many studies, IL-1␤ has not been detected in plasma after hypothermic CPB. [5] [6] [7] 41, 42 Patients operated with normothermic CPB have a significantly higher release of IL-1␤. 28 In the present study, a significant increase in circulating IL-1␤ levels was not observed after tepid CPB in any group.
IL-6 is one of the key mediators in acute-phase response 43 and is synthesized by a variety of cells, including endothelial cells and leukocytes. 2, 6, 44 Significantly increased levels of IL-6 have been found in patients after CPB. 3,13,16-18,28,39,40,42 IL-6 levels are higher in patients with complications after cardiac surgery. 23 The hemodynamic effects of IL-6 are controversial. In 1 study, IL-6 administration in dogs had no acute hemodynamic effects, 45 whereas in another study, cytokine-stimulated nitric oxide production was found to be responsible for the reversible myocardial depression. 22 Elevated systemic levels of IL-6 have been observed in patients with congestive heart failure and have been correlated with prognosis. 46, 47 In the present study, IL-6 levels increased after the release of the aortic cross-clamp. The increase continued at 1 hour after CPB and peaked at 6 hours after CPB. IL-6 levels remained elevated at 24 hours in all groups. Aprotinin did not attenuate the increase in IL-6 levels, but it delayed the increase during the early period of CPB. The administration of methylprednisolone before CPB significantly inhibited the release of IL-6.
IL-8, predominantly produced by macrophages, fibroblasts, neutrophils, and endothelial cells, is a potent chemoattractant for neutrophils, controlling their trafficking. 33 CPB-induced lung injury is thought to be related to pulmonary leukocyte sequestration. Ratliff et al 48 found no severe endothelial damage in the absence of large numbers of polymorphonuclear leukocytes. Subsequent infiltration of neutrophils into the perivascular tissue resulted in the release of oxygen-derived free radicals, proteases, and elastases, leading to increased capillary permeability and nonspecific cellular damage. 49 Ashraf et al 50 showed a positive correlation between prolonged intubation and IL-8 concentrations in pediatric patients undergoing cardiac surgery. This pathologic process may lead to postoperative respiratory dysfunction and multisystem organ failure. In the present study, methylprednisolone and aprotinin suppressed the increase in IL-8 levels compared with the control group. The suppression was slightly more pronounced with the use of methylprednisolone.
Numerous clinical studies have attempted to find the source of proinflammatory cytokines released during and after CPB. 23, 24, 51, 52 Some studies concluded myocardium to be the main source of proinflammatory cytokines during CPB, whereas others reported no significant difference between coronary sinus and systemic arterial blood proinflammatory cytokine levels during the early period after CPB. The present study did not find any significant difference between coronary sinus and systemic arterial blood levels. One of the limitations of the present study as well as the other studies that have been unable to find any difference is, however, that coronary sinus blood sampling was concluded immediately after CPB, despite the fact that all cytokines reached peak levels at 1 or 6 hours after CPB. Cytokine release has been found to significantly correlate with the duration of ischemia after cardiac transplantation and coronary artery bypass graft surgery. 27 The cardiac release of the cytokines significantly increased with reperfusion after longer ischemic periods or acute myocardial infarction. 27, 53 TNF-␣, IL-1␤, IL-6, and IL-8 levels have been found to be increased during CPB, and the release of these cytokines has been proposed to contribute to the development of postoperative organ dysfunction and multiple organ failure. [8] [9] [10] [11] Several studies have examined a variety of strategies to diminish the release of proinflammatory cytokines, including use of corticosteroids, aprotinin, adenosine, pentoxifylline, heparin-coated CPB circuits, ultrafiltration, and warm versus cold CPB and the modification of surgical techniques (off-pump surgery). 54 The administration of steroids before CPB has been used during cardiac surgery since the 1970s. The exact mechanism of action of steroids during CPB is not completely understood. Studies have focused on the inhibition of the release of proinflammatory cytokines, including TNF-␣, IL-1␤, IL-6, and IL-8. 12, 13, 19, 20, 30, 37, 40 Steroids also increase the production of an anti-inflammatory cytokine, IL-10. 54 Aprotinin, a known protease inhibitor, is primarily used to improve hemostasis after CPB. Aprotinin has been shown to reduce the inflammatory response characterized by TNF-␣ and IL-6 release 14,19,20 and to prevent the upregulation of neutrophil CD11b integrin expression after CPB. 19 Aprotinin decreases neutrophil activation and the level of IL-8 in bronchial lavage fluid when compared with placebo. 55 In simulated bypass, Wachtfogel et al 56 showed that high-dose aprotinin may completely inhibit kallikrein activation, partially inhibit neutrophil activation, and decrease platelet activation. The present study has shown that methylprednisolone exhibits more inhibitory effects on cytokine levels than aprotinin after CPB. The administration of methylprednisolone has not been associated with additional positive hemodynamic effects after CPB, however, compared with the control group. The use of aprotinin, inhibiting only the release of IL-8, has significantly lowered AaDO 2 compared with the methylprednisolone group. The protective effects of aprotinin on the lungs have been shown in studies. In the authors' belief, these effects are not only related to the proinflammatory cytokines, but also to some other mechanisms. In the present study, the lack of any clinical alterations despite the suppression of cytokine levels after methylprednisolone administration was a striking observation. This observation can be explained in part by the facts that the patients included in the study were low risk based on their preoperative cardiac and pulmonary function and that the number of patients included in the study was relatively low. Despite the suppression in cytokine release after methylprednisolone administration in the control group, a 15-fold increase in IL-6 levels and a 3-fold increase in IL-8 levels at 6 hours after CPB in the methylprednisolone group might indicate that methylprednisolone does not lead to adequate suppression.
In conclusion, the present study has shown that methylprednisolone suppresses most of the cytokines released, including TNF-␣, IL-6, and IL-8. Aprotinin attenuates only IL-8 release, however. Methylprednisolone does not produce any additional positive hemodynamic and pulmonary effects. An improvement in postoperative lung function in terms of AaDO 2 has been observed with the use of aprotinin. Further studies are required to assess the ideal pharmacologic strategies to reduce the effects of cytokines on inflammatory response and the subsequent damaging effects after CPB.
